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Potassium channels: Watching a voltage-sensor tilt and twist
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The fourth transmembrane helix (S4) is the primary
voltage-sensor of voltage-gated ion channels. Recent
studies have used fluorescence resonance energy
transfer as a spectroscopic ruler to determine the
nature and magnitude of the voltage-induced
movement of S4 that leads to channel opening.
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Voltage-gated ion channels are central to the physiology of
electrically excitable cells such as neurons and muscle.
They are responsible for generation of action potentials
and for the control of neurotransmitter release and of
muscle contraction. Their key property is activation in
response to a change in voltage across a cell membrane —
a change in transbilayer voltage opens a channel, thus
allowing ions to pass through it. The mechanism of
channel activation by voltage change involves two
elements. A voltage sensor alters its orientation and/or
conformation in response to the voltage change. This in
turn opens a gate, enabling movement of ions through the
channel per se.
The voltage-gated potassium (Kv) channels are the best
understood family of voltage-gated channels. As
described in a previous dispatch [1], X-ray and NMR
spectroscopic studies have recently revealed the struc-
tures of several domains from K channels. In particular,
the structure of the pore-forming domain has been deter-
mined for KcsA, a bacterial homologue of Kv channels. A
Kv channel is made up of four subunits arranged around a
central pore, each of which contains six transmembrane
helices (Figure 1a). Of these six transmembrane helices,
the fourth, S4, is the voltage-sensor. S4 is unusual for a
transmembrane helix in that it contains a large number of
positively charged lysine and arginine residues, a feature
also seen in the S4 helices of voltage-gated sodium and
calcium channels, as well as Kv channels. These posi-
tively charged side chains form a helical stripe on the
surface of S4 (Figure 1b).
Voltage-gating has been studied since the pioneering days
of electrophysiology, when Hodgkin and Huxley postu-
lated the existence of charged gating ‘particles’ which
moved in response to a change in the transmembrane
electrostatic field. We can now characterise in molecular
detail the nature of these gating particles and how they
move. In the 1970s ‘gating currents’ were first measured.
These are small capacitative currents resulting from the
movement of the charged ‘particles’ across the membrane.
More recently a number of researchers have been
attempting to establish the molecular identity of the
‘particles’ and to characterise their movements. New
insights into the nature of the voltage gating have now
come from the successful use of fluorescence resonance
energy transfer as a spectroscopic ruler to determine the
nature and magnitude of the voltage-induced movement
of S4 that leads to channel opening [2,3].
Figure 1
(a) Topology of a Kv channel subunit. The channel is formed by four
such subunits, packed around a central pore lined by the S5–P–S6
region (green). The voltage sensing S4 helix is in deep blue.
(b) Model of an S4 helix from a Shaker Kv channel. The positively
charged sidechains, which form a helical stripe on the surface of S4,
are shown in space-filling format in blue.
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Sensing a change in voltage
Before structural data were available, mutagenesis studies
supported the view that the S4 helix is the primary voltage
sensor of Kv and other voltage-gated channels. Early
studies on sodium channels [4] showed that mutating
residues in S4 perturbed voltage gating. More recently,
detailed studies have focused on the S4 segment of Kv
channels. In particular, there have been attempts to
correlate the gating charge of Shaker Kv channels —
estimated to be about 13e0, where e0 is the electronic
charge [5] — with the charged residues in S4. Measure-
ments of the gating charge (Q) in Shaker Kv channels,
made using charge-neutralising mutations [6], showed that
three S4 residues — R365, R368 and R371 — make a sig-
nificant contribution. Q was also altered by neutralising
residue E293 of helix S2, suggesting that S4 might interact
with S2. Other mutagenesis studies, however, showed that
changing neutral residues of S4 — alterations that leave its
charge unaltered — can also modify the channel gating
properties [7], indicating that an understanding of gating
requires a model of how S4 moves relative to the rest of its
structural environment in the intact channel protein.
Direct evidence for a change in conformation and/or
orientation of S4 concomitant with voltage-gating came
from voltage-clamp fluorimetry experiments [8]. In these
experiments, a fluorescent probe attached at different
positions along S4 was shown to undergo a change in
environment in response to a change in voltage across the
membrane. The change in fluorescence correlated with the
gating current, suggesting that a conformational change of
S4 indeed corresponded to voltage sensing. Subsequent
experiments showed that, upon voltage activation, cysteine
residues introduced into S4 changed their accessibility to
internally versus externally applied reagents [9,10]. Taken
together, these studies were interpreted in terms of S4
moving a small distance within a ‘canal’ formed by the rest
of the protein (see Figure 2 and below).
What about structural studies? Although the crystal
structure of a Kv channel remains elusive, NMR
spectroscopy studies on synthetic peptides corresponding
to S4 from sodium channels [11,12] and from the Shaker
Kv channel [13] have been used to confirm that this region
forms an α helix when in non-aqueous solvents or when
bound to lipid micelles or bilayers. Together with the
electrophysiological and mutagenesis studies, these struc-
tural investigations of isolated S4 helices prepared the
ground for structural studies of voltage-induced changes
in Shaker Kv channels.
The two recent studies [2,3] each exploited fluorescence
resonance energy transfer to measure the change in
structure of the voltage sensor. Mutation to cysteine
combined with covalent labelling was used to introduce
two (different) fluorophores — a donor and an acceptor of
the transferred energy — into S4 residues in a Kv channel
tetramer. Measurement of the efficiency of energy
transfer from donor to acceptor enabled estimation of the
distance between the donor and acceptor, and hence
between the residues to which they are attached. By
taking advantage of the four-fold symmetry of the channel
molecule it was therefore possible to estimate the distance
between, for example, residue S351 at the amino-terminus
of one S4 helix and the S351 residue of the S4 helix on the
opposite side of the pore. 
By conducting experiments of this kind at different
voltages, it was further possible to estimate the change in
distance between the two opposing S4 residues upon
transition of the channel from a closed to an open state.
From the change in distance for the fluorescent probes
attached to different residues of S4, the nature of the
voltage-induced motion could be characterised. There are
some puzzling differences in detail between the two
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Figure 2
(a,b) Visualisation of the change in orientation of the four
voltage-sensing S4 helices that occurs when a Shaker Kv channel
switches from the closed (a) to the open (b) conformation. Notice that
the principal change involves a rotation of the helices. This figure is a
representation of a change in orientation of the S4 helices based on
the distance measurements in [3] (my unpublished results). Other
models may be equally valid. (c) Diagram of a voltage-induced twist in
the S4 helix (dark blue) within a canal formed by the remainder of the
Kv channel protein (pale blue). The helix axis is tilted relative to the
perpendicular to the membrane. This relatively small change in S4
orientation results in translocation of a positive charge (yellow +) from
the inside to the outside of a membrane.
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papers, but a consensus emerges in the suggestion that the
major motion of S4 is a twist about the long axis of the
helix (Figure 2). The total angle of twist is not certain, but
may be up to approximately 180°.
A consensus model for voltage-sensing
The importance of these distance measurements is that
they have made possible the development of a structural
model for voltage-sensing. In this model, the S4 helix sits
within a canal formed by the remainder of the Kv
molecules — a pore-like region that is occluded by the S4
helix, but that exposes either end of the S4 helix to water.
Upon a change in voltage, for example from approximately
–80 mV inside the cell relative to the outside to
approximately +40 mV, the S4 helix moves. The
movement turns out to be quite small: the S4 helix twists
within the canal, and possibly translates a little. However, a
substantial translation along the bilayer perpendicular
seems to be excluded by the data obtained by Cha et al. [2]. 
How does such a small movement enable a substantial
charge — approximately 13e0 total for the tetrameric Kv
channel, that is, about 3e0 per S4 helix — to move across
the bilayer? As illustrated in Figure 2, if the S4 helix is
tilted in the canal relative to the bilayer normal (as sug-
gested in [3]), then a twisting motion, even without any
translation, can move charged side chains from the internal
mouth of the canal to the outer mouth. Electrically, this is
equivalent to moving a charge across the entire bilayer, and
so such a twisting motion is sufficient to explain the mea-
sured Q. Both structural and electrophysiological data are
thus explained by a model in which a change in voltage is
sensed via a twisting motion of a tilted S4 helix.
There are some complexities. Firstly, it is difficult to deter-
mine absolute distances by fluorescence energy transfer
experiments, especially as the fluorophores are quite large
relative to the S4 helices to which they are attached. This
may explain some of the differences in detail between the
two studies. Secondly, studies of channel opening kinetics
reveal this to be a multi-step process [14]. Indeed, it may
even be necessary to describe channel activation as diffu-
sion-like movement of S4 rather than in terms of transitions
between a finite number of well defined states [15]. These
two problems will have to be confronted if the basic ‘tilt
and twist’ model is to be elaborated upon.
Having established how the voltage-sensing S4 helix
moves, the question arises of how this conformational
change is (allosterically) transmitted to gating of the
channel per se? The answer to this may reside in spin-label
studies of the bacterial KcsA channel [16]. These suggest
that channel opening occurs via another type of twisting
motion, this time of the M1 and M2 helices which line the
pore. In the closed state of KcsA, the M2 helices are
packed close together at their carboxyl termini so as to
occlude the intracellular mouth of the channel. Helices M1
and M2 of KcsA are equivalent to helices S5 and S6 of Kv
channels. The overall gating model is one in which
voltage-induced twisting motion of S4 is communicated via
the S5 helices to the S6 helices, thus opening the channel.
What next?
What is needed to complete the picture of how a Kv
channel opens in response to a change in voltage? Perhaps
the most important component missing is a crystal
structure of an entire Kv channel, revealing how all
transmembrane 24 helices are packed together. By
combining this with further spectroscopic measurements,
it should be possible to generate detailed structural models
of the ‘before’ and ‘after’ states of a voltage-induced transi-
tion. Other structural methods, such as atomic force
microscopy [17], may be useful in this respect. Finally, it
may be possible to make a ‘movie’ of a voltage-induced
structural transition by using computer simulations [18] to
combine both static (X-ray) and dynamic (spectroscopic)
structural information. Only then can we say that we fully
understand voltage gating of an ion channel.
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